STUDY QUESTION: Does chronic hyperandrogenemia beginning at menarche, in the absence and presence of a western-style diet (WSD), alter ovarian and uterine structure-function in young adult rhesus monkeys?
Introduction
As summarized in recent reviews by Rosenfield and Ehrmann (2016) and Dumesic et al. (2015) , polycystic ovary syndrome (PCOS) is the most prevalent endocrine disorder in reproductive-age women which, due to its associated oligo-or an-ovulation, often results in infertility. Although 80-plus years of research has increased our understanding of PCOS, considerable controversy and knowledge gaps remain regarding the etiology, symptoms, and treatment of this complex and heterogeneous disease. However, a typical feature, based on the Rotterdam, National Institutes of Health and Androgen Excess-PCOS criteria, is hyperandrogenemia resulting from elevated testosterone (T) in the circulation. Indeed, regardless of its genetic, epigenetic and/or environmental causes, there is evidence that excess ovarian androgen production is a common denominator in the vast majority of PCOS patients (Rosenfield and Ehrmann, 2016) . Given that circulating androgen levels do not rise until after menarche and reach adult levels after achieving regular ovulatory cyclicity (Rosenfield, 2013) , one can hypothesize that other features of PCOS are caused by the chronic hyperandrogenemia beginning at puberty and, as such may be treatable at that time.
In addition to ovarian dysfunction, a majority of PCOS patients are obese or overweight and display insulin resistance (Dumesic et al., 2015; Rosenfield and Ehrmann, 2016) . Some investigators propose that metabolic abnormalities related to obesity are just as, if not more, critical than hyperandrogenemia for reproductive dysfunction, including acyclicity and oocyte quality (Palomba et al., 2017) . Also, Dumesic and others (Dumesic et al., 2015; Rosenfield and Ehrmann, 2016) hypothesize that obesity and adipose tissue dysfunction exacerbates the symptoms of PCOS. Notably, obesity is associated with hyperandrogenemia in peripubertal girls, suggesting an early link between metabolic and reproductive defects (Hoeger et al., 2008) . Tissue dysfunction in PCOS is not exclusively ovarian or adipose: PCOS may alter function of the endometrium, effecting receptivity and embryo implantation (Schulte et al., 2015) . Therefore, a systems approach to investigate how adipose, ovarian and uterine tissue are impacted by PCOS is warranted.
An important question then is discerning how putative causative factors, such as elevated T or metabolic perturbations, interact to produce PCOS symptoms. In our recent pilot study (McGee et al., 2014; Bishop et al., 2016) , combined administration of T with an obesogenic westernstyle diet (WSD) decreased insulin sensitivity and altered features of ovarian function in female rhesus monkeys. Although the protocol provided intriguing evidence for some PCOS-like effects of chronic T+WSD treatment, it was limited in experimental design and unable to distinguish effects of T or WSD alone, or if the effects of T and WSD were additive or synergistic. Therefore, this more rigorous study was designed to examine the effects of T alone, WSD alone, or T+WSD together compared to controls in juvenile-to-young adult female macaques. The WSD was formulated with 36% of calories from fat, compared to 15% in the standard chow diet (True et al., 2017) . Treatment began as the monkeys approached menarche, and data accumulated through 3 years of treatment have been analyzed. The metabolic impairments (True et al., 2017) and changes in adipose tissue (Varlamov et al., 2017) in this model were reported recently. The effects on the ovarianuterine axis are reported herein, while an ongoing study (Bishop et al., 2017c) is underway evaluating the effects on the peri-ovulatory follicle.
Materials and Methods

Animals
All procedures involving animals were reviewed and performed in accordance with the Oregon National Primate Research Center/Oregon Health & Science University Institutional Animal Care and Use Committee. Rhesus macaque (Macaca mulatta) females (n = 40) were pair-housed indoors and assigned to treatment groups near menarche (Table I) .
Menarche was determined by first onset of frank vaginal bleeding. Animals were fed either a standard control macaque diet (C) or western-style diet (WSD). The C diet (Monkey Diet no. 5000; Purina Mills, Gray Summit, MO, USA) provided approximately 15% of calories from fat; the WSD (TAD Primate Diet no. 5LOP, Test Diet; Purina Mills) provided 36% of calories from fat (Brozinick et al., 2013) (Supplementary Fig. S1 ). Weight gain and metabolic alterations resulting from exposure to WSD are reported in our previous article (True et al., 2017) . Each group received a subcutaneous implant, half containing cholesterol and the other half T (Supplemental Fig. S1 ). In T-treated animals, serum T was maintained near 1.5 ng/ml, similar to that in our pilot study (McGee et al., 2012) . Mean T values in all treatment groups were reported in a companion manuscript (True et al., 2017) . Serum T is approximately five times higher than control females, but significantly lower than levels observed in male rhesus macaques. This resulted in the following treatment groups: C alone, T alone, WSD alone and combined T+WSD (n = 10/group; Supplemental Fig. S1 ). Females were monitored daily by vaginal swabbing to detect endometrial shedding denoting menstruation. After 1.5 years of treatment, weekly blood samples were obtained to assess serum levels of estradiol (E2) and progesterone (P4). Serum levels of P4 ≥ 1 ng/ml in at least one weekly sample between incidences of menses was considered indicative of an ovulatory menstrual cycle (Bishop et al., 2009; Young et al., 2003) . Pituitary LH response to kisspeptin and GnRH challenge was assessed after 2.5 years of treatment (see Supplementary Data for methods).
Menstrual cycle analyses
Beginning in treatment Year 3 (at age 5.2 ± 0.04 years old), effects of androgen and or diet on ovarian and uterine structure-function were analyzed during one menstrual cycle. Peripheral blood samples were collected daily from unanesthetized monkeys beginning at menstruation for 30 days. Serum was stored at −20°C until assayed for steroid and gonadotropin hormones by the ONPRC Endocrine Technology Core Laboratory.
Hormone levels
Serum E2 and P4 levels were measured in daily samples in the interval between onset of frank menstruation (Day 1) and onset of next menses.
Anti-Müllerian hormone (AMH), FSH and LH levels were measured during the early follicular phase (Days 1-3) and late luteal phase (3 days preceding the next menstruation). Serum LH levels were measured daily 2 days before, the day of, and the day after the E2 peak. Lengths of follicular and luteal phase were denoted from the day of the mid-cycle LH surge (day of LH surge = Day 0 of luteal phase). Mid-luteal production of LH and E2 was measured on Days 6-8 of the luteal phase. All hormones were assayed using validated methods for macaque serum (McGee et al., 2012 (McGee et al., , 2014 .
Ultrasound analyses
Ovarian structure in the early follicular phase (Days 1-3; ovarian size, number of antral follicles, antral follicle location within the ovary) was analyzed in all females (n = 10/group) by 3D/4D Doppler ultrasound (GE Voluson 730 Expert, GE Healthcare, Milwaukee, WI, USA) under ketamine sedation (10 mg/kg) using previously validated methods (Bishop et al., 2009; McGee et al., 2014) . Polycystic ovarian morphology (PCOM) was determined for each ovary using defined characteristics (Bishop et al., 2016) . Near the mid-cycle E2 surge and again at mid-luteal phase (6-8 days post-LH surge), a subset of monkeys (n = 6/group) were sedated with ketamine and placed under inhaled isoflurane anesthesia (1.5% isoflurane mixed with 100% oxygen at a flow rate of 1.5 l/min; Portable Anesthesia Machine, Patterson Veterinary Supply, Inc. Greeley, CO, USA). Ovarian/ luteal and uterine (basalis zone and endometrial) vascular parameters including total blood volume (BV) and vascular flow (VF) were analyzed by Contrast-Enhanced Ultrasound (CEUS) employing Definity (Lantheus Medical Imaging, N. Billerica, MA, USA) microbubble intravenous infusion (Siemens Acuson Sequioa, Siemens Corporation, Washington, D.C., USA) by validated methods (Bishop et al., , 2017a . Endometrial and uterine volume were also measured by 3D/4D ultrasound, using the volume analysis function of 4D View Software (GE Healthcare).
Endometrial biopsies
In the mid-luteal phase (Days 6-8 post-LH surge), a subset of females (n = 7-8/group) were sedated with ketamine and placed under inhaled isoflurane anesthesia. Uppercase letters indicate differences (A vs B; P < 0.001) within each group by year of treatment.
laparoscopy. One biopsy from each animal was frozen in liquid nitrogen for RNA isolation. The remaining biopsies were embedded in Tissue Tek OCT (Sakura Finetek, Torrance, CA, USA) and frozen in liquid propane similar to previous studies (Slayden et al., 1995) . RNA and protein in samples were analyzed by real-time PCR and immunohistochemistry (IHC) as described below.
Immunohistochemistry
Protein expression in macaque endometrial biopsies was visualized by IHC as described previously (Brenner et al., 2003; Brenner and Slayden, 2004; Slayden et al., 2004) . 
RNA analyses
Endometrial biopsies not used for IHC were thawed in 10 volumes of TRIzol reagent (Invitrogen, Carlsbad, CA, USA) followed immediately by homogenization with a Polytron Tissue Homogenizer (Brinkmann Instruments, Westbury, NY, USA). Total RNA was isolated following the TRIzol protocol (Invitrogen). Following precipitation with ethanol, samples were applied to RNeasy mini kit columns (Qiagen, Valencia, CA, USA). RNase-free DNase digestion was performed on the columns according to the manufacturer's instructions (Qiagen). Total RNA concentrations were quantified by a Nanodrop ND-1000 (Thermo Scientific). Primers and probes for real-time PCR were designed using Primer Express software (Applied Biosystems, Inc., Carlsbad, CA, USA) based on sequences for each transcript in the NCBI database and validated for use in macaque samples (Keator et al., 2011) . See Supplemental Table SI for list of real-time PCR primers and probes. Real-time PCR was performed as previously described (Keator et al., 2011; Almeida-Francia et al., 2012) . After reverse transcription of total RNA (1 μg), samples were diluted 1:1 with deionized water. Real-time PCR assays were performed with duplicate samples of 2 μl diluted cDNA, and compared against a standard curve composed of a five-point pool of endometrial cDNA made by a 1:10 serial dilution. A no-template control sample, in which water replaced the cDNA, was used in duplicate for each plate to identify contamination. Each reaction contained 250 nM TaqMan probe specific for gene of interest and for mitochondrial ribosomal protein S10 (see Supplementary Table SI) . Each reaction also each contained 900 nM of primer for each gene of interest, 300 nM housekeeping gene sense and antisense primers, and 5 μl of 2× Fast Universal PCR Master Mix (Applied Biosystems, Inc.). Gene transcript was normalized to the expression of S10 and the values were averaged to give a single expression level for each time point during the cycle as previously described (Nolan et al., 2006) .
Statistics
For this study, power analysis was performed using a Fisher's Exact test (binomial distribution; statpages.org). We expected 30% of control and 90% of T+WSD females would develop PCO morphology visible by 3D/ 4D ultrasound in at least one ovary after 3+ years of treatment based on pilot studies (Bishop et al., 2016) . Significance for α was set at 0.05, and β of 0.2 (80% power). This analysis revealed a minimum number of nine females are required in each control and treatment group. We chose to treat 10 in each group to avoid failure due to random abnormal cycles.
Individual area under the curve (AUC) values were derived from E2 levels during the early follicular phase, the mid-cycle E2 surge, plus P4 levels during the luteal phase using the Peak Analyzer function of Origin Software (Origin 2016, Origin Lab Corporation, Northampton, MA, USA). The Linear Models function of SAS was used to determine the main effects of androgen (T), diet (WSD), and interaction of T and WSD (androgen by diet) at single time-points (SAS version 9.4, SAS Institute Inc., Cary NC, USA). The effects of T, WSD and interaction (T by WSD) on ovarian morphology (PCOM) was analyzed by Generalized Linear Models function of SAS (chi-squared values were interrogated for level of significance). Longitudinal data were analyzed by Mixed Models function of SAS to evaluate changes induced by T and/or WSD over defined periods of time. When main effects of T, WSD, or interactions were identified as significant (P < 0.05), post-hoc analyses were performed by least-squared means to identify significant (P < 0.05) differences between treatment groups (C, T, WSD and T+WSD; SAS). All values reported are mean ± standard error of the mean (SEM).
Results
Menstrual cycles
Metabolic and adipose alterations induced by chronic T and/or WSD treatment were reported in companion manuscripts (True et al., 2017; Varlamov et al., 2017) . Females displayed menarche 3.6 ± 0.6 months after the start of treatment (at 2.6 ± 0.1 years of age; Table I ). All females had low E2 and P4 levels in serum at the time of study assignment (Table I) . Although females were randomly assigned to groups to ensure a normal distribution of pre-treatment weight between groups, those consuming the normal diet (C and T groups) underwent menarche slightly earlier than those consuming the WSD (WSD and T+WSD; overall effect of diet, P < 0.04). However, there were no differences detected in age at menarche between treatment groups (all group differences, i.e. C versus T, etc., P > 0.3). As expected, the number of menstrual cycles per year and cycle regularity increased in each group with age after menarche (Table I) , but there were no differences detected by androgen or diet treatment on number or length of menstrual cycles, or cycle variation (variation measured by both standard deviation in cycle length and coefficient of variation, data not shown). Weekly analyses of serum P4 levels demonstrated that~90% of menstrual cycles were presumably ovulatory in Study Year 3 (Table I) . Nevertheless, there were no differences in total number or percentage of ovulatory cycles between treatment groups (Table I) .
Detailed analyses of a randomly selected menstrual cycle during Study Year 3 determined there were no differences between treatment groups in the length of the follicular phase (P > 0.5) or the total E2 (AUC) produced during the follicular phase (P > 0.3, data not shown). However, an interaction was detected (P < 0.02) between androgen and diet in E2 levels during the early follicular phase (EFP; Fig. 1A ): E2 levels were increased by T but decreased by T+WSD (androgen by diet, P < 0.05). EFP levels of LH were likewise increased by T alone (Fig. 1B , C versus T, P < 0.04), although T+WSD also tended to increase LH compared to C (Fig. 1B , C versus T+WSD, P = 0.09; overall effect of androgen, P < 0.06). There were no significant effects of androgen or diet on EFP AMH, peak E2, surge E2 (AUC), EFP FSH, or LH:FSH ratio (all P > 0.3, data not shown).
Most females in all treatment groups (9-10/group) displayed elevated P4 levels (>1 ng/ml) during menstrual cycles analyzed in Study Year 3. The length of the luteal phase in these cycles was not affected by androgen or diet (P > 0.2). However, females consuming WSD had lower total P4 (AUC) during the luteal phase, and T+WSD group produced the least P4 compared to C and T groups (Fig. 1C , P < 0.01; overall effect of diet, P < 0.001). Peak P4 levels in the luteal phase showed similar results: females consuming WSD had lower levels of P4 (Fig. 1D , effect of diet, P < 0.02), and T+WSD group had the lowest peak P4 levels during the luteal phase compared to C and T groups ( Fig. 1D , P < 0.04).
Ovarian parameters
3D/4D ultrasound indicated that 30% of C monkeys had PCOM in at least one ovary (Table II) . However, treatment with androgen alone (T group) increased incidence to 80%. WSD alone increased the rate of PCOM to 50%, and the T+WSD group had the highest incidence of PCOM at 90% (effect of androgen, P < 0.01). The ovaries of WSD and T+WSD groups tended to be larger near menses ( Fig. 2A , effect of diet, P < 0.07). An interaction was detected between androgen and diet on the number of small antral follicles (SAFs greater-than or equal to 1 mm) present on ovaries at menses (Fig. 2B , P < 0.05): T+WSD females had greater numbers of SAFs identified by ultrasound imaging (T versus T+WSD, P < 0.09).
An increase in BV between the ovary bearing the ovulating follicle and the functional corpus luteum (CL) at mid-luteal phase was only detected in C females (Fig. 3A: C Late F versus Luteal, P < 0.001). In all other groups, no increases were significant (Late F versus Luteal, P > 0.2). Overall, consumption of the WSD was associated with reduced BV within the CL (Fig. 3A , P < 0.02). However, the T alone group also displayed reduced luteal BV (C versus T, P < 0.02; androgen by diet interaction, P < 0.01). Similarly, only the C group displayed increased ovarian VF at mid-luteal phase ( Fig. 3B , P < 0.02). However, both WSD and T+WSD treatments tended to reduce luteal VF (effect of diet, P < 0.13). Parametric maps of ovarian VF and BV at mid-luteal phase (from ovaries with median values) confirmed incomplete formation of luteal vascular structure in T, WSD and T+WSD groups compared to C ovaries (Fig. 3C ).
Uterine parameters
As expected, endometrial volume increased from the late follicular phase to mid-luteal phase in the C group (Fig. 4A ). This pattern was less evident in the T and WSD alone groups. However, the pattern was prominent in the T+WSD group, primarily because of low endometrial volume during the late follicular phase of the menstrual cycle (interaction: androgen by diet by phase of the cycle, P < 0.03). In the basalis/junctional zone of the uterus T and WSD tended to reduce BV ( Fig. 4B ; androgen by diet interaction, P < 0.06), but this reduction became more pronounced in the endometrium ( Fig. 4C ; androgen by diet, P < 0.02), with BV lowest in the endometrium of the T group (C versus T, P < 0.05). Exposure to androgen significantly reduced VF only in the basalis/junctional zone ( Fig. 4D ; effect of androgen, P < 0.05), with no detected effects of androgen or diet on VF in the endometrial tissue ( Fig. 4F ; all P > 0.3). The endometrial biopsies provided sufficient sample to analyze secretory differentiation induced by P4. Representative examples of ESR1, PGR, TIMP3, MMP26, AR and Ki-67 immunostaining in the endometrial functionalis zone from mid-luteal phase biopsies are shown in Fig. 5 . The C and WSD groups displayed typical secretory glands with normal P4-induced attenuation of ESR1 and PGR in the functionalis zone glands. Staining for PGR was retained in the stroma. In these groups, TIMP3 staining was strong in the predecidual cells around the spiral arteries and MMP26 staining was strong in the glands of the upper functionalis zone. In contrast, treatment with T and T +WSD resulted in glands with less secretory sacculation and more intense staining for ESR1 and PGR in the glands, and proportionately less nuclear staining for PGR in the stroma. This outcome was most evident in the T+WSD group. TIMP3 staining was strikingly lighter around the spiral arteries and MMP26 staining was minimal in glands of T and T+WSD animals.
In all groups detectable staining for ESR1 and PGR was retained in cells within the basalis zone (not shown). Expression of AR protein was detectable in the stromal cells of all groups and appeared to be unaffected by treatment (Fig. 5) . Cell proliferation, as detected by positive staining for Ki-67 protein, was minimal in the functionalis zone glands of all groups (Fig. 5) , with large numbers of proliferating cells in the basalis zone (not shown).
Expression of mRNAs encoding ESR1, PGR, MMP26 and TIMP3 gene products are depicted in Fig. 6 . In the C and WSD groups ESR1 and PGR mRNA expression was minimal, whereas MMP26 and TIMP3 transcripts were highly expressed. Treatment with T and T+WSD resulted in an increase in mRNAs encoding ESR1 and PGR (P < 0.05). Conversely, T+WSD resulted in a down regulation of MMP26 and TIMP3 mRNAs (P < 0.05). Treatment with T alone tended to reduce MMP2 and TIMP3 mRNAs. Expression of AR mRNA was found to not differ by diet and/or T exposure (P > 0.1, data not shown).
Discussion
This study was initiated to investigate the chronic effects of hyperandrogenemia, alone and in combination with a western-style (high-fat) diet on the structure-function of the reproductive system in young adult female macaques. The androgen (testosterone, T) dosing was formulated to approximate the 3-4-fold increase in free and total T circulating in hyperandrogenemic peripubertal girls at risk for PCOS (Silfen et al., 2003; McCartney et al., 2007) . With an improved immunoassay, as confirmed by LC-MS techniques, it appears that the achieved serum T level of 1.35 ng/ml represents a 5-fold increase over control (C) levels (True et al., 2017) . Nevertheless, the T levels of treated animals are much lower than levels observed in male macaques (Sitzmann et al., 2014) , yet similar to levels some reported in obese PCOS patients (Eagleson et al., 2003) . The WSD regimen was designed to mimic a typical American diet and, while containing 2.4-fold more calories as fat than the standard monkey chow, it has many fewer calories from fat (36%) compared to the high-fat diets (up to 60%) often used in rodent studies (Hariri and Thibault, 2010) . Our working hypothesis is that the metabolic dysfunction caused by consuming a WSD will exacerbate the effects of hyperandrogenemia, thereby increasing the number or severity of symptoms perhaps similar to those in PCOS. Recent reports by this interdisciplinary group summarized the effects of up to 3 years of treatment on metabolic parameters and adipose tissue (Varlamov et al., 2017) . The current manuscript, along with a concluding study (Bishop et al., 2017c) summarize the treatment effects on the structure-function of the reproductive tract, specifically to the ovary and uterus, two recognized targets of androgen action (Cloke and Christian, 2012; Prizant et al., 2014) .
Given the experimental design where treatments began just before puberty, a difference in the age at menarche was not expected between groups. Moreover, as noted in adolescent girls (Rosenfield, 2013) , the number of menstrual periods increased and the duration of the menstrual cycle decreased over the first 2 years post-menarche. As such, between 4.5 and 5.5 years of age, these young adult females were exhibiting regular cycles (8 or 9 per 9-month interval, excluding the anovulatory summer months (Wilson et al., 1987) ), of normal length (approx. 90%, based on elevated progesterone circulating during the luteal phase). Neither T nor WSD treatment alone or in combination altered these parameters of menstrual cyclicity.
However, significant changes to cyclic ovarian structure-function were noted after chronic (3 years) treatment. First, T treatment alone, and to a lesser extent as T+WSD, increased mean LH, but not FSH levels during the early follicular phase. A subtle, but significant, rise in basal LH levels leading to an increased LH:FSH ratio is often observed in PCOS women with hyperandrogenemia (Dumesic et al., 2015; Rosenfield and Ehrmann, 2016) . This trend has been attributed to an increase in LH pulse frequency during the early follicular phase, and reduced steroid (E2, P4) feedback inhibition (Rebar et al., 1976) . In our pilot study (McGee et al., 2012) , T treatment beginning earlier in childhood (1 year of age) increased LH pulse frequency at age five compared to controls, but with addition of a WSD (at age 5.5 and 6.6 years) this increment was lost in association with a marked decline in LH pulse amplitude (McGee et al., 2014) . Again, there is some Blue dotted outline depicts ovarian area. Significant (P < 0.05) differences between individual treatment groups are denoted by different uppercase letters above columns, and significant (P < 0.05) differences within a treatment group by stage of menstrual cycle are denoted by different lower case letters.
evidence from PCOS patients that obesity can be associated with a decrease in LH pulse amplitude. In the current study, the 40 monkeys were not chronically catheterized, thereby preventing LH pulse studies. However, GnRH and kisspeptin challenge tests were performed to assess pituitary (gonadotrope) and hypothalamic (GnRH neuron) sensitivity to stimulators, and to consider any effects of T or WSD treatment ( Supplementary Fig. S2 , methods in Supplementary material). Kisspeptin administration during the early follicular phase transiently increased circulating LH levels 4-5-fold, but there were no differences between treatment groups. GnRH administration in the subsequent luteal phase also transiently increased LH levels. Whereas T treatment alone appeared to modestly increase mean LH levels in Figure 4 Changes in uterine structure and vascular function induced by hyperandrogenemia and/or WSD (Panel A) change in endometrial volume between late follicular (prior to LH surge; Late F)/proliferative and mid-luteal/secretory phase (Luteal, Days 6-8 post-LH surge) of menstrual cycles. Panel (B) basalis/junctional zone BV measured by CEUS at mid-luteal phase. Panel (C) endometrial BV measured by CEUS at mid-luteal phase. Panel (D) basalis/junctional zone VF measured by CEUS at mid-luteal phase. Panel (E) endometrial VF measured by CEUS at mid-luteal phase. Significant (P < 0.05) differences between individual treatment groups are denoted by different uppercase letters above columns, and significant (P < 0.05) differences within a treatment group by stage of menstrual cycle are denoted by different lower case letters. Trends toward differences (*P = 0.08) by stage of the cycle within the T group is indicated by a bracket on the graph. response to GnRH (2-fold compared to controls or other treatments), due to wide variation in response by the T group this difference was not statistically significant (P > 0.05). The cause(s) of altered LH levels in the T group during the early follicular phase remain speculative.
The modest elevation in circulating LH in the T alone group was associated with a similar rise in serum E2 levels in the early follicular phase. In contrast, the combined T+WSD group displayed markedly lower E2 levels in the early follicular phase, followed by reduced P4 levels during the luteal phase. These results are comparable to those observed in the T+WSD group in our pilot study (McGee et al., 2014) . Low E2 levels during the follicular phase are associated with luteal phase defects in women (Schliep et al., 2014) , and are consistent with the concept that a follicular defect may portend luteal dysfunction. Women with PCOS can have low P4 levels during the luteal phase in spontaneous or controlled stimulation cycles compared to non-PCOS controls (Meenakumari et al., 2004) . Similarly, female macaques given exogenous androgen during pregnancy yielded offspring with an increased incidence of luteal phase defects during menstrual cycles (Goy and Robinson, 1982) . It is important to note that, despite the lower P4 levels in the T+WSD group, they were not sufficiently depressed to cause premature menstruation, i.e. short luteal phases more associated with fertility problems in women (Schliep et al., 2014) .
The cause of diminished luteal function is unclear, but not likely due to reduced trophic hormone support, since LH levels during the luteal phase were similar in all treatment groups. In contrast, this study provides novel evidence that T and WSD, both alone and in combination, markedly blunt the rise in ovarian vascular perfusion associated with neovascularization of the developing corpus luteum during the luteal phase of the cycle Woad and Robinson, 2016) . Both blood volume (an indicator of the vascular tree) and blood flow (an indication of vascular function) are markedly reduced, indeed similar to late follicular phase with its preovulatory follicle during T and/or WSD treatment. Such a decline in vascular function could influence the endocrine secretory activity of the corpus luteum, e.g. reducing serum P4 levels as observed in the T+WSD group. However, P4 levels were not reduced in the T and WSD alone groups despite marked reductions in ovarian blood volume and flow. Further studies are needed to evaluate the effects and significance of T and WSD (metabolic) actions on the vasculature of the primate reproductive tract.
More direct evidence of a follicular defect(s) with T treatment was the greater incidence (80-90% of monkeys) of a PCOM in the T alone and T +WSD groups. We previously observed this feature in our pilot study (Bishop et al., 2016) , especially with addition of WSD to chronic T treatment. Subsequent removal of ovaries in the early follicular phase and further histologic analyses confirmed the presence of increased numbers of small antral follicles, many of which were atretic compared to untreated controls in our colony. While later protocols may yield ovaries from the current treatment cohorts, to date we have obtained histology from ovaries of only one T+WSD-treated animal when she was euthanized after 3 years of because of progressing oral cancer. These ovaries also displayed an abundance of small-to-medium antral follicles around the periphery of the ovary (Supplementary Fig. S3 ). Notably, as in our pilot study (Bishop et al., 2016) , 30% of the C females also exhibited a PCOM-like ovarian phenotype. This is similar to clinical data demonstrating that 26% of young, asymptomatic women display a PCOM phenotype (Polson et al., 1988; Bridges et al., 1993) , although it was proposed that these women have mild or early onset PCOS (Rosenfield and Ehrmann, 2016) . The WSD may also have some effects on the follicular pool since ovarian size was greatest in the high-fat diet groups and WSD alone resulted in intermediate percentage (50%) of animals with PCOM. Further studies are warranted to detail the follicular dynamics in T and WSD-treated monkeys.
Progesterone (P4) secreted in the luteal phase of the cycle prepares the estrogen-primed endometrium for embryo implantation. During this interval, P4 gradually suppresses epithelial cell proliferation in the functionalis zone glands, induces glandular hypertrophy and reduces ESR1 and PGR staining in the functionalis zone (Slayden, 2014) . At the same time, P4 stimulates MMP26 expression in the functionalis zone glands (Almeida-Francia et al., 2012) , and TIMP3 expression in the predecidual cells surrounding the spiral arteries (Brenner et al., 2006) . This is the state observed with the C and WSD-treated animals in this study. However, treatment of macaques with T and T+WSD in this study resulted in a partial impairment of this process with ESR1 being retained in the glandular epithelium. Elevated ESR1 in the midsecretory phase has been reported and associated with impaired uterine recepitivity in women (Lessey et al., 2006) . Mild dysregulation of ESR1 expression (both protein and mRNA transcript) combined with the attenuation of MMP26 and TIMP3 in the secretory phase of T and T+WSD-treated females can be interpreted as a mild P4 resistance similar to that seen in early stages of endometriosis (Burney et al., 2007) . However, the effect of T and T+WSD appears to be only superficial as both secretory differentiation and P4-induced suppression of cell proliferation appeared normal for the mid-secretory phase of the cycle. Increased expression of ESR1 and PGR is also reported in the endometrium of PCOS women, but these are thought to be the result of exposure to repeated anovulatory menstrual cycles (Piltonen, 2016) . These data demonstrate that chronic hyperandrogenemia alters expression of these receptors in nonhuman primates during ovulatory cycles as well.
Collectively, the results reported in the current and two previous papers (True et al., 2017; Varlamov et al., 2017) identified significant effects of chronic hyperandrogenemia and WSD on the reproductive system, metabolic function and adipose tissue in young, adult female monkeys. Whereas some changes were noted following T alone (e.g. PCOM, decreased physical activity, reduced lipolysis) or WSD alone (e.g. decreased ovarian blood flow, reduced length and numbers of adipose tissue vessels and junctions), the combination of T+WSD increased the number of changes or magnified the effects (e.g. increased BMI, fat mass and insulin resistance, increased fatty acid uptake by fat; luteal insufficiency). Nevertheless, these young, adult females appear relatively healthy (e.g. euglycemic, regular menstrual cycles). Also, some PCOS symptoms, including loss of menstrual Figure 6 Expression of ESR1, PGR, MMP26 and TIMP3 mRNAs as detected by qRT-PCR in endometrial biopsies collected from macaques in the mid-luteal phase of the cycle. Significant (P < 0.05) differences between individual treatment groups are denoted by different uppercase letters above columns.
cyclicity and elevated serum AMH levels were not observed. The latter may be causally related to the continued selection of a preovulatory follicle, which is associated with declining AMH production by antral follicles (Xu et al., 2016b) , and may be required for selection of the single, dominant follicle destined to ovulate (Xu et al., 2016a) . Ongoing studies will determine if T and/or WSD effects increase in number or severity with longer treatment into adulthood due to continued hyperandrogenemia and/or higher rate of obesity. Not all T+WSD females are extremely overweight/obese, and most WSD-treated females are within normal weight range at this young age, but continued exposure to WSD is expected to result in higher rates of adiposity as females age and are less active. Also, it is hypothesized that changes in ovarian (luteal phase dysfunction; oocyte quality as suggested by our concluding study of the peri-ovulatory follicle (Bishop et al., 2017c) ) and uterine endometrium (suppressed markers of progesterone action, impaired decidualization) could impair fertility, or pregnancy progression. Frias et al. (2011) report that WSD alone in adult, female macaques causes placental dysfunction and stillbirths; the combination of T+WSD may exacerbate such problems (Bishop et al., 2017b) .
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